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Abstract
Social cognitive skills training interventions for psychotic disorders have shown improve-
ment in social cognitive performance tasks, but little was known about brain-based biomark-
ers linked to treatment effects. In this pilot study, we examined whether social cognitive
skills training could modulate extrinsic and intrinsic functional connectivity in psychosis
using functional magnetic resonance imaging (fMRI). Twenty-six chronic outpatients with
psychotic disorders were recruited from either a Social Cognitive Skills Training (SCST) or
an activity- and time-matched control intervention. At baseline and the end of intervention
(12 weeks), participants completed two social cognitive tasks: a Facial Affect Matching task
and a Mental State Attribution Task, as well as resting-state fMRI (rs-fMRI). Extrinsic func-
tional connectivity was assessed using psychophysiological interaction (PPI) with amygdala
and temporo-parietal junction as a seed region for the Facial Affect Matching Task and the
Mental State Attribution task, respectively. Intrinsic functional connectivity was assessed
with independent component analysis on rs-fMRI, with a focus on the default mode network
(DMN). During the Facial Affect Matching task, we observed stronger PPI connectivity in the
SCST group after intervention (compared to baseline), but no treatment-related change in
the Control group. Neither group showed treatment-related changes in PPI connectivity dur-
ing the Mental State Attribution task. During rs-fMRI, we found treatment-related changes in
the DMN in the SCST group, but not in Control group. This study found that social cognitive
skills training modulated both extrinsic and intrinsic functional connectivity in individuals with
psychotic disorders after a 12-week intervention. These findings suggest treatment-related
changes in functional connectivity as a potential brain-based biomarker of social cognitive
skills training.
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Introduction
Social cognitive impairment is a core feature of psychosis and closely related to poor social
functioning. Pharmacological intervention has shown limited efficacy, but findings from skills
training interventions have been encouraging in that they show improvement on some social
cognitive domains in psychosis, including facial affect perception and mental state attribution
[1, 2]. However, most studies on training intervention have employed performance-based
assessments [1, 2]; few studies have examined brain-based biomarkers of social cognitive inter-
ventions in psychosis. The lack of a validated biomarker clearly limits a mechanistic under-
standing of the efficacy of training interventions on social cognitive impairment.
Considerable work has been done to understand the neural underpinnings of social pro-
cessing in healthy individuals [3, 4]. In addition to identifying key brain regions, emerging evi-
dence highlights the importance of the functional connectivity among brain regions for social
processes [5, 6]. Thus, it is not surprising that there is now growing interest in the connectivity
among brain regions in research in psychosis [7].
One way to examine connections among nodes is with extrinsic functional connectivity
(i.e., task-based functional connectivity) during social cognitive tasks. For example, during
facial affect recognition tasks, schizophrenia patients have shown aberrant functional connec-
tivity of amygdala with medial prefrontal cortex (mPFC) [8, 9]. During mental state attribution
tasks, patients have shown reduced connectivity involving the temporo-parietal junction [10].
Another way to examine connections is with intrinsic functional connectivity (i.e., resting-
state connectivity such as the default mode network [DMN]) [11]. The DMN is of particular
interest in this regard because it is heavily overlapping with the network involved with mental
state attribution [12]. The DMN generally includes midline regions within posterior cingulate
cortex, precuneus, mPFC, and bilateral temporo-parietal junction [11]. Thus, it has been sug-
gested that schizophrenia patients may have aberrant connectivity related to DMN and this
abnormal pattern could be associated with their impaired social functioning. While only a few
studies have directly examined this possibility, existing evidence largely supports the potential
importance of DMN in social functioning in schizophrenia. For example, schizophrenia
patients have shown altered patterns of intrinsic connectivity within DMN compared to con-
trols. The altered pattern within DMN was associated with impaired social functioning among
schizophrenia patients [13], as well as among individuals at familial high-risk for schizophre-
nia [14].
It remains unknown as to whether extrinsic or intrinsic functional connectivity could be
modulated as a function of training on social cognitive processes in psychosis. Hence, this
pilot study examined the feasibility of using functional connectivity-based biomarkers of a
social cognitive intervention in people with psychotic disorders. Extrinsic functional connec-
tivity was examined using a psychophysiological interaction approach (PPI) [15] during two
social cognitive tasks, a Facial Affect Matching task and a Mental State Attribution task. PPI is
a powerful tool to examine the pattern of connectivity between a seed region of interests and
other brain regions during a particular task in the scanner. Intrinsic functional connectivity
focused on the treatment-related changes in DMN. Subjects were assessed at baseline and after
12 weeks of a social cognitive intervention program or a time-matched control.
Materials and methods
Study design and participants
Twenty-six chronic outpatients were recruited from a larger randomized controlled trial
examining the efficacy of the Social Cognitive Skills Training (SCST) program that our
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research group previously developed (Clinical Trials #NCT01267019). The data collection for
the current paper was supported by NARSAD Young Investigator Grant (to JL) that was
aimed to collect fMRI data on a subset of the training cohorts to assess the treatment-related
effects of the SCST on extrinsic and intrinsic functional connectivity in individuals with psy-
chotic disorders. The parent study had three arms (“SCST-in vivo”, “SCST-Clinic”, and “Con-
trol”), but given the limited budget of the NARSAD grant, this fMRI sub-study recruited
participants from only two of those arms: SCST-Clinic and Control (herein referred to as
SCST and Control). Details of the parent study are provided elsewhere [16]. Both the SCST
and the control condition consisted for 30 sessions over a 12 week period. Participants under-
went fMRI procedures at baseline (0 wk) and end-point (12 wk).
All participants met DSM-IV criteria for schizophrenia, schizoaffective disorder, or psycho-
sis NOS. The diagnostic eligibility was determined by medical records and consultation with
treating psychiatrists. All patients were clinically stable (i.e., no psychiatric hospitalization in
the past 2 months, no change of antipsychotic medication for the past 6 weeks). Selection crite-
ria for participants were: age 18–60; no current or past neurological disorder (e.g., epilepsy);
no history of serious head injury (i.e., loss of consciousness > 60 mins); IQ<70; no alcohol or
substance dependence in the last 6 months; and no women who are pregnant or think they
might be pregnant based on self-report; and no contraindications for fMRI scan (e.g., metal in
body).
All participants were evaluated for the capacity to give informed consent and provided writ-
ten informed consents after procedures were fully explained, as approved by the Institutional
Review Boards at University of California Los Angeles and the Veterans Affairs Greater Los
Angeles Healthcare System.
Interventions
Details of the interventions are provided elsewhere [16]. Briefly, the SCST intervention
included five modules: emotion processing, social perception, how emotions color our social
interpretations, understanding others’ emotions, and understanding others’ intentions. The
training approach incorporated several skills-building strategies with a variety of training sti-
muli (e.g., photos, audio clips, written vignettes, and video clips). Control intervention
included 30 sessions of Illness management training. The Control intervention included mate-
rials on nutrition and relaxation and selections from the UCLA Social and Independent Living
Skills Program [17].
fMRI procedures
In the scanner, participants completed two tasks, a Facial Affect Matching task and a Mental
State Attribution task, as well as a 5-minute resting fMRI (rsfMRI) scan. Extrinsic functional
connectivity was examined using task-based fMRI data and intrinsic functional connectivity
was examined using rsfMRI.
The Facial Affect Matching task was modified from a paradigm used in our previous study
[18]. With a block design, this task consisted of two conditions that utilized the identical set of
emotional face stimuli: emotion matching and gender matching. For each trial, a cue appeared
for 2 seconds (emotion or gender); then, three stimuli appeared in a triangular arrangement
for 3 seconds, one stimulus on the screen’s top (i.e., target), and two stimuli side-by-side at the
bottom of the screen (i.e., the response choices). Participants were asked to indicate which
stimulus at the bottom matches the target at the top according to the cue. There were 3 runs,
each with 3 blocks of emotion, 3 blocks of emotion and 3 blocks of fixation. The primary con-
trast of interest was [emotion matching > gender matching], which was designed to separate
fMRI biomarkers of social cognitive skills training in psychosis
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neural activity related to facial affect recognition while controlling for neural activity related to
non-affective judgments of face stimuli.
The Mental State Attribution Task [19] used an event-related design and consisted of three
conditions that utilized written vignettes: false belief, false photograph and simple reading. In
the false belief condition, subjects were asked to indicate what the beliefs of a character in the
vignette would be, even when the beliefs differ from the actual state of affairs. The false photo-
graph vignettes had the same story structure and required the same level of reasoning as the
false belief condition, but lacked mental state attribution. The simple reading condition con-
sisted of stories about nonhuman objects. For each trial, a brief vignette was presented for 12
sec, followed by a single, two alternative, forced-choice “fill-in-the-blank” question for 10 sec
while the vignette was still visible. After the vignette and question was disappeared, a probe
was presented for 3 sec, prompting the response. There were six runs, with six trials per run
(two trails of each condition). The primary contrast of interest was [false belief > false photo-
graph], which allowed us to separate neural activity related to mental state attribution while
controlling for other task demands (e.g., reasoning).
fMRI data acquisition and pre-processing
All MRI data were collected at the UCLA Staglin Center for Cognitive Neuroscience on a 3T
Siemens Tim Trio scanner with a 12-channel head coil (Siemens Medical Solutions, Erlangen,
Germany) using MR-compatible LCD goggles (Resonance Technology, Northridge, CA). Both
paradigms were presented using E-prime software and behavioral performance was recorded
using an MR-compatible 4-button response box (Resonance Technology, Northridge, CA).
For anatomical reference, a high-resolution echo planar axial T2-weighted image (TR =
6000ms, TE = 66ms, flip angel = 90 degrees, voxel = 1.5x1.5x3, field of view = 192x192, 38
slices) and T1-weighted image with a Magnetization-Prepared Rapid Gradient Echo
(MPRAGE) sequence (TR = 1900ms, TE = 3.4ms, flip angle = 9 degrees, voxel = 1x1x1mm,
field of view = 256x256, 160 slices) were collected. To detect blood-oxygen-level-dependent
(BOLD) signal, a T2�-weighted gradient-echo sequence was used (TR = 2500ms, TE = 35ms,
flip angle = 75 degrees, voxel = 3x3x3mm, field of view = 64x64, 38 slices).
fMRI data preprocessing was carried out using FSL (version 5.0.9), the FMRIB Software
Library (http://fsl.fmrib.ox.ac.uk/fsl). Preprocessing steps included high-pass filtering using a
100 s cut-off, spatial smoothing using a 5 mm full-width at half-maximum Gaussian kernel,
non-brain removal using BET[20], and registration using FSL’s FLIRT (FMRIB’s Linear Image
Registration Tool v6.0) [21]. fMRI data were registered first to the co-planar T2-weighted
image (affine transformation; 6 degrees of freedom), then to the T1-weighted MPRAGE
(Boundary-Based Registration, BBR) [22] and finally, to Montreal Neurological Institute
(MNI) standard space (affine transformation, 12 degrees of freedom). To address potential
motion artifacts, all images were realigned to the middle volume using MCFLIRT and move-
ment parameters calculated by MCFLIRT were modeled as nuisance covariates [21, 23].
fMRI data analyses
Extrinsic functional connectivity. Extrinsic functional connectivity was assessed using
PPI [15] implemented in FSL for each paradigm. PPI allows us to identify extrinsic, task-
dependent functional connectivity between a seed region and relevant brain regions as a func-
tion of task conditions. In other words, PPI enables us to examine which voxels of the brain
changes fMRI activations along with a seed region of interest under a specific task context.
Task-specific changes in the relationship between brain regions (i.e., a seed region of interest
and other brain regions) indicates a task-specific changes in connectivity between regions.
fMRI biomarkers of social cognitive skills training in psychosis
PLOS ONE | https://doi.org/10.1371/journal.pone.0214303 May 17, 2019 4 / 13
Motion parameters from MCFLIRT and the confounding matrix from the FSL Motion Outlier
tool were included as nuisance variables to control for any potential effects of motion during
the scan.
For the Facial Affect Matching task, we used amygdala as the seed region. The amygdala
seed was created based on the HarvardOxford subcortical probability atlas. For each partici-
pant, the time series of the amygdala seed was entered into general linear model, and PPI con-
nectivity between the seed region and the rest of the brain was examined in relation to the
contrast of interest (i.e., [emotion matching > gender matching]). For the Mental State Attri-
bution task, we focused on TPJ as the seed region. The TPJ seed was created using a 10-mm
sphere around peak coordinates identified in previous studies (left TPJ, x = -52, y = -56, z = 24;
right TPJ, x = 56, y = -54, z = 24) [24, 25]. The time series of the TPJ seed was entered into gen-
eral linear model, and PPI connectivity between the seed region and the rest of brain was
examined in relation to the contrast of interest (i.e., [false belief > false photograph]).
To examine within-group and between-group effects, a mixed-effect model (FLAME1) was
employed for each paradigm. The resulting statistical images of PPI connectivity were thre-
sholded using the cluster threshold of z>2.3 and p< .05, corrected for multiple comparison
using Gaussian random field theory [26].
Intrinsic functional connectivity. For intrinsic functional connectivity, each participant’s
smoothed, normalized rsfMRI images were subjected to group temporal concatenation and
analyzed with FSL MELODIC Independent Component Analysis (ICA) software [27]. This
method provides data-driven, unconstrained decomposition into statistically independent spa-
tial components and their associated time series. From the group ICA results, we identified the
component for the DMN using a published template of the DMN [28] to select the component
with the best fit based on highest degree of spatial correlation. FSL’s “fslcc” tool was used to cal-
culate Pearson’s r for each ICA component with the template image.
To investigate within and between group effects, the group ICA DMN component was used
to estimate individual DMN maps and associated time-series using a dual regression approach
implemented in FSL [29]. FSL’s “randomise,” nonparametric permutation tests (5000 permuta-
tions) were used to detect statistically significant effects using a family-wise error corrected sig-
nificance threshold of p< .05 with threshold-free cluster enhancement [30, 31].
Results
Table 1 showed the demographic and clinical characteristics, as well as attendance data of the
participants. The two groups were comparable on age, gender, personal education, parental
education, clinical symptoms, and session attendance. Performance data (see Table 2)
Table 1. Demographics, clinical characteristics and Attendance data of participants.
SCST (n = 13) Control (n = 13) statistics
Age (yrs) 49.8 (7.7) 42.2 (12.2) F(1,24) = 3.60, p = .07
Gender (% female) 26.9 19.2 χ2 = .61, p = .42
Personal Edu. (yrs) 13.0 (2.8) 14.8 (1.9) F(1,24) = 2.06, p = .16
Parental Edu. (yrs) 15.0 (3.0) 14.0 (4.2) F(1,24) = .08, p = .54
Sessions attended 25.0 (5.6) 22.1 (2.9) F(1,24) = 2.47, p = .12
BPRS total
Baseline 43.0 (10.6) 44.5 (16.1) F(1,24) = 0.7, p = .78
12 wk 38.3 (8.9) 46.3 (9.5) F(1,18) = 3.72, p = .07
Note: Values are presented as mean (SD).
https://doi.org/10.1371/journal.pone.0214303.t001
fMRI biomarkers of social cognitive skills training in psychosis
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indicates that all participants could perform the task above the chance level in the scanner. Rel-
ative motion parameters during each task and rsfMRI are presented in Table 2. For both tasks
and rsfMRI, the two groups showed comparable motion during the scan at baseline and at 12
wks. For both groups, we also did not observe any difference on motion parameters between
scans at baseline and 12 wks. Task-related activation at baseline across both groups are pre-
sented in the Supplement.
Treatment-related changes in extrinsic functional connectivity
For the Facial Affect Matching task, within-group comparisons indicted that the SCST group
showed significantly increased PPI connectivity between the amygdala seed and several areas
in the visual cortex, including the fusiform face area in relation to the contrast of [emotion
matching > gender matching] (see Fig 1 and Table 3) at 12 wk compared to baseline. In the
Control group, no brain region showed significant changes in PPI connectivity after the train-
ing intervention. Direct between-group comparison showed that treatment-related changes in
PPI connectivity of the SCST group was greater in several areas in the visual cortex, including
the fusiform gyrus (see Fig 1 and Table 3) compared to the Control group. No brain region
showed greater PPI connectivity in the Control compared to the SCST group. We also did not
observe any between-group difference at baseline only. Given treatment-related changes in
PPI connectivity during the Facial Affect Matching Task, we explored whether PPI connectiv-
ity was associated with social functioning in the SCST group. We found that PPI connectivity
between amygdala and fusiform gyrus at baseline was positively correlated with social
Table 2. Performance data and relative motion in the scanner.
SCST Control
Baseline (n = 13) 12 wk (n = 11) Baseline (n = 13) 12 wk (n = 11)
Performance data
Facial Affect Matching task
Emotion .67 (.07) .72 (.10) .68 (.11) .72 (.12)
Gender .89 (.08) .91 (.08) .81 (.16) .84 (.13)
Mental State Attribution task
False belief 9.3 (1.8) 9.4 (2.6) 9.3 (2.7) 10.3 (1.9)
False photograph 8.3 (1.1) 8.0 (1.9) 8.8 (2.1) 9.1 (1.7)
Simple reading 10.6 (1.5) 9.9 (2.7) 10.0 (3.1) 10.9 (1.4)
Relative motion
Facial Affect Matching task
Run 1 .13 (.02) .13 (.01) .15 (.04) .12 (.02)
Run 2 .13 (.03) .13 (.02) .16 (.04) .13 (.02)
Run 3 .13 (.03) .14 (.02) .14 (.03) .13 (.02)
Mental State Attribution task
Run 1 .11 (.01) .14 (.02) .14 (.03) .10 (.01)
Run 2 .12 (.02) .15 (.03) .16 (.03) .13 (.03)
Run 3 .11 (.02) .12 (.02) .15 (.06) .11 (.02)
Run 4 .13 (.02) .14 (.03) .15 (.04) .13 (.02)
Run 5 .13 (.02) .13 (.02) .16 (.05) .11 (.02)
Run 6 .14 (.03) .14 (.03) .15 (.03) .11 (.01)
rsfMRI .14 (.02) .19 (.04) .14 (.04) .11 (.02)
Note: Values are presented as mean (SD).
https://doi.org/10.1371/journal.pone.0214303.t002
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functioning assessed with RFS at 12 wks (r = .77, p< .01), but not with social functioning at
baseline. PPI connectivity at 12 wks was not associated with social functioning at 12 wks.
For the Mental State Attribution task, we did not find any significant PPI connectivity
related to treatment above the pre-determined threshold when examining each group sepa-
rately, or when both groups were directly compared to each other. Two groups did not differ
on PPI connectivity at baseline only. PPI connectivity at baseline was not correlated with social
functioning at 12 wks.
Treatment-related changes in intrinsic functional connectivity
For resting state network identification, the group ICA estimated 66 components. The second
component, representing 2.0% percent of the explained variance, was identified as the DMN
(Pearson’s r = .66 with the template [28]). As shown in Fig 2, the DMN consisted of medial
prefrontal cortex, frontal pole, posterior cingulate gyrus, precuneus cortex, bilateral angular
gyrus extending into supramarginal gyrus and superior lateral occipital cortex, and bilateral
thalamus.
For the DMN there was a trend level group by time interaction (p(corrected) = .07). The inter-
action was due to an increase in connectivity in the SCST group from baseline to 12 wk (p(cor-
rected) = .01), but no increase in the Control group (p(corrected) = .96). Importantly, there were
no between-group differences in the DMN at baseline (p(corrected) = .21). We did not find any
association between DMN connectivity and social functioning either at baseline or 12 wks in
the SCST group.
Discussion
With a focus on functional connectivity, this pilot study examined whether social cognitive
skills training modulates extrinsic and intrinsic functional connectivity in psychosis. For
extrinsic functional connectivity, we observed treatment-related changes in the SCST group,
but not in the Control group during the Facial Affect Matching task. Specifically, the SCST
group showed increased functional connectivity of amygdala with several regions in the visual
cortex including fusiform face area after a 12-weeks of training. Further, the functional con-
nectivity between amygdala and fusiform face area was positively associated with social func-
tioning at 12-weeks. We did not observe any treatment-related changes in extrinsic functional
connectivity during the Mental State Attribution task in either group. For intrinsic functional
Fig 1. Brain areas that showed significantly increased PPI connectivity during the contrast of [emotion matching> gender matching] during the Facial
Affect Matching task at 12 wks compared to baseline. A) brain areas with significant PPI connectivity in SCST group. Cross-hairs centered on MMI
coordinates: x = -36, x = -68, z = -14. B) brain areas, in which SCST group showed increased PPI connectivity compared to Control group. Cross-hairs centered
on MMI coordinates: x = -26, x = -64, z = -14.
https://doi.org/10.1371/journal.pone.0214303.g001
fMRI biomarkers of social cognitive skills training in psychosis
PLOS ONE | https://doi.org/10.1371/journal.pone.0214303 May 17, 2019 7 / 13
connectivity, we observed treatment-related increase in the DMN connectivity in the SCST
group but not in the Control group.
While social cognitive skills intervention has been shown to improve performance of indi-
viduals with psychotic disorders on some social cognitive tasks [1, 2], little is known about
brain-based biomarkers of such training effects. There have been two small published prelimi-
nary studies on fMRI-based biomarkers of social cognitive interventions in psychosis with a
focus on regional activation [32, 33]. However, neither study employed a comprehensive social
cognitive intervention. One study employed a computerized training that included both social
and non-social components [32] and the other used a training module that focused only on
facial affect recognition [33]. Further, both studies were also not able to apply rigorous correc-
tion for multiple comparisons. Thus, while both studies demonstrate feasibility, their findings
Table 3. Clusters that showed significantly increased PPI connectivity for the contrast of [emotion matching> gender matching] during the Facial Affect Matching
task at 12 wks compared to baseline.
Z statistics x y z voxels
SCST
Cluster 1 3.18 -8 -74 -16 1561
Local maxima
Lingual gyrus 3.18 -8 -74 -16
Occipital fusiform gyrus 3.11 -36 -68 -14
Lingual gyrus 3.04 -12 -74 -18
Lingual gyrus 2.97 -6 -62 -4
Lingual gyrus 2.96 16 -70 -12
Occipital fusiform gyrus 2.95 30 -66 -8
Cluster 2 3.21 28 -74 22 958
Local Maxima
Lateral occipital cortex 3.21 28 -74 22
Lateral occipital cortex 3.08 22 -76 26
Lateral occipital cortex 2.94 -10 -86 42
Occipital pole 2.93 -24 -94 16
Occipital pole 2.89 -8 -96 22
Lateral occipital cortex 2.87 10 -82 46
SCST > Controls
Cluster 1 3.13 -8 -60 -4 798
Local Maxima
Lingual gyrus 3.13 -8 -60 -4
Cerebella right V 3.09 14 -48 -20
Cerebella right V 2.97 0 -64 -10
Occipital fusiform gyrus 2.91 -26 -64 -14
Occipital fusiform gyrus 2.84 26 -44 -22
Lingual gyrus 2.8 -30 -68 -12
Cluster 2 3.11 6 -74 -6 280
Local Maxima
Lingual gyrus 3.11 6 -74 -6
Lingual gyrus 2.96 14 -70 -8
Lingual gyrus 2.79 28 -54 4
Occipital fusiform gyrus 2.78 32 -62 -2
Lingual gyrus 2.76 16 -62 -10
Occipital fusiform gyrus 2.74 26 -64 -10
https://doi.org/10.1371/journal.pone.0214303.t003
fMRI biomarkers of social cognitive skills training in psychosis
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were less than definitive regarding whether social cognitive skills training induces treatment-
related changes at the neural level.
This study observed treatment-related changes in both extrinsic and intrinsic functional
connectivity after correcting for multiple comparisons, thus providing stronger evidence that
the improvements in social cognitive skills with intervention in psychosis can be observed at
the neural level. Although this study had a small sample size, we recruited participants from a
randomized controlled trial design and included a time- and activity-matched control training.
Thus, it is unlikely that treatment-related changes in function connectivity in this study are
due to nonspecific effects of skills training. The findings of this study will help guide estimation
of sample size for a large randomized clinical trial to examine the robustness of the fMRI
effects.
We observed treatment-related changes of extrinsic functional connectivity during the
Facial Affect Matching task, but not during the Mental State Attribution task. The greater
treatment-related changes in facial affect recognition is consistent with previous intervention
studies on performance-based tasks. A meta-analytic review showed moderate to large treat-
ment-related improvement (d = 0.71) on facial affect recognition and small to medium
improvement (d = 0.46) on mental state attribution [2]. If treatment-related changes on mental
state attribution at the neural level are also small, they might not be easily detectable with stud-
ies with a small sample size. It is also possible that 12 weeks might be too short to see any
changes in functional connectivity during the Mental State Attribution.
Beyond task-specific extrinsic functional connectivity, we also found that social cognitive
skills training modulated DMN during rs-fMRI. Many of the regions in the DMN are also
implicated in social processing, including the medial prefrontal cortex and posterior cingulate
cortex/precuneus [34]. Hence, the DMN is thought to be closely involved with various social
cognitive processes, including self-related processing and mental state attribution in healthy
individuals [12, 35]. Further, schizophrenia is linked to disrupted intrinsic connectivity involv-
ing DMN [36, 37], suggesting that aberrant DMN could be associated with impaired social
Fig 2. Intrinsic functional connectivity. A) default mode network component identified from rsfMRI data across groups. Cross-hairs centered on MNI
coordinates: x = -6, y = -50, z = 21. B) this figure illustrates a group by interaction shown in the analysis using randomise.
https://doi.org/10.1371/journal.pone.0214303.g002
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cognition. Our finding of the effect of social cognitive skills training on DMN supports this
view.
The study had several limitations. First, this study had a small sample size. While we
employed appropriate statistics to control for multiple comparisons, replication with a larger
sample is needed to determine the robustness of the current findings. Future studies with a
larger sample could also examine whether treatment-related changes of social cognitive skills
training at the neural level are related to improvement on performance-based tasks in psycho-
sis and the sequence of changes among the symptom, functional connectivity and perfor-
mance-based measures. Second, this study did not include demographically-matched healthy
controls, so we do not know whether a social cognitive skills training brings the extrinsic and
intrinsic functional connectivity in psychosis to normal levels. Third, chronic medicated out-
patients participated in this study, and it remains unclear whether the similar levels of
improvement could be observed across phase of illness. Finally, this study did not include fol-
low-up examination of functional connectivity, so the durability of treatment-related changes
remains to be determined.
To summarize, this study found that social cognitive skills training modifies extrinsic and
intrinsic functional connectivity after 12-weeks of training in individuals with psychotic disor-
ders, demonstrating that both extrinsic and intrinsic functional connectivity could be valuable
biomarkers related to social cognitive skills training in psychosis. These findings suggest that
treatment-related changes in functional connectivity may be critical for our understanding of
underlying mechanisms of social cognitive skills training in psychosis.
Supporting information
S1 File. Supporting data is provided (ASCIfMRI_SupplementData.zip).
(ZIP)
Acknowledgments
We would like to thank Crystal Gibson, Poorang Nori, Ana Ceci Myers and Julio Iglesias for
their assistance in data collection and Michelle J. Dolinsky for her assistance in the develop-
ment of social cognitive skills training. We also would like to thank One Mind–Center for
Cognitive Neuroscience at UCLA for their generous support to the CCN scanner.
Author Contributions
Conceptualization: Junghee Lee, Michael F. Green.
Data curation: Junghee Lee.
Formal analysis: Junghee Lee, Amy M. Jimenez.
Funding acquisition: Junghee Lee, Michael F. Green.
Investigation: William P. Horan.
Methodology: Junghee Lee.
Writing – original draft: Junghee Lee, Amy M. Jimenez.
Writing – review & editing: Junghee Lee, Amy M. Jimenez, William P. Horan, Michael F.
Green.
fMRI biomarkers of social cognitive skills training in psychosis
PLOS ONE | https://doi.org/10.1371/journal.pone.0214303 May 17, 2019 10 / 13
References
1. Kurtz MM, Gagen E, Rocha NB, Machado S, Penn DL. Comprehensive treatments for social cognitive
deficits in schizophrenia: A critical review and effect-size analysis of controlled studies. Clin Psychol
Rev. 2016; 43:80–9. Epub 2015/10/07. https://doi.org/10.1016/j.cpr.2015.09.003 PMID: 26437567.
2. Kurtz MM, Richardson CL. Social cognitive training for schizophrenia: a meta-analytic investigation of
controlled research. Schizophr Bull. 2012; 38(5):1092–104. Epub 2011/04/29. https://doi.org/10.1093/
schbul/sbr036 PMID: 21525166; PubMed Central PMCID: PMCPMC3446217.
3. Spunt RP, Adolphs R. A new look at domain specificity: insights from social neuroscience. Nat Rev Neu-
rosci. 2017; 18(9):559–67. Epub 2017/07/07. https://doi.org/10.1038/nrn.2017.76 PMID: 28680161.
4. Adolphs R. The social brain: neural basis of social knowledge. Annu Rev Psychol. 2009; 60:693–716.
Epub 2008/09/06. https://doi.org/10.1146/annurev.psych.60.110707.163514 PMID: 18771388;
PubMed Central PMCID: PMC2588649.
5. Kennedy DP, Adolphs R. The social brain in psychiatric and neurological disorders. Trends Cogn Sci.
2012; 16(11):559–72. https://doi.org/10.1016/j.tics.2012.09.006 PMID: 23047070; PubMed Central
PMCID: PMCPMC3606817.
6. Moessnang C, Otto K, Bilek E, Schafer A, Baumeister S, Hohmann S, et al. Differential responses of
the dorsomedial prefrontal cortex and right posterior superior temporal sulcus to spontaneous mentaliz-
ing. Hum Brain Mapp. 2017; 38(8):3791–803. Epub 2017/05/31. https://doi.org/10.1002/hbm.23626
PMID: 28556306.
7. Green MF, Horan WP, Lee J. Social cognition in schizophrenia. Nature reviews Neuroscience. 2015; 16
(10):620–31. Epub 2015/09/17. https://doi.org/10.1038/nrn4005 PMID: 26373471.
8. Bjorkquist OA, Olsen EK, Nelson BD, Herbener ES. Altered amygdala-prefrontal connectivity during
emotion perception in schizophrenia. Schizophr Res. 2016; 175(1–3):35–41. Epub 2016/04/17. https://
doi.org/10.1016/j.schres.2016.04.003 PMID: 27083779.
9. Mukherjee P, Sabharwal A, Kotov R, Szekely A, Parsey R, Barch DM, et al. Disconnection Between
Amygdala and Medial Prefrontal Cortex in Psychotic Disorders. Schizophr Bull. 2016; 42(4):1056–67.
Epub 2016/02/26. https://doi.org/10.1093/schbul/sbw012 PMID: 26908926; PubMed Central PMCID:
PMCPMC4903065.
10. Bitsch F, Berger P, Nagels A, Falkenberg I, Straube B. Impaired Right Temporoparietal Junction-Hippo-
campus Connectivity in Schizophrenia and Its Relevance for Generating Representations of Other
Minds. Schizophr Bull. 2018. Epub 2018/09/22. https://doi.org/10.1093/schbul/sby132 PMID:
30239972.
11. Buckner RL, Andrews-Hanna JR, Schacter DL. The brain’s default network: anatomy, function, and rel-
evance to disease. Ann N Y Acad Sci. 2008; 1124:1–38. Epub 2008/04/11. https://doi.org/10.1196/
annals.1440.011 PMID: 18400922.
12. Li W, Mai X, Liu C. The default mode network and social understanding of others: what do brain connec-
tivity studies tell us. Front Hum Neurosci. 2014; 8:74. Epub 2014/03/08. https://doi.org/10.3389/fnhum.
2014.00074 PMID: 24605094; PubMed Central PMCID: PMCPMC3932552.
13. Fox JM, Abram SV, Reilly JL, Eack S, Goldman MB, Csernansky JG, et al. Default mode functional con-
nectivity is associated with social functioning in schizophrenia. J Abnorm Psychol. 2017; 126(4):392–
405. Epub 2017/03/31. https://doi.org/10.1037/abn0000253 PMID: 28358526; PubMed Central
PMCID: PMCPMC5418083.
14. Dodell-Feder D, Delisi LE, Hooker CI. The relationship between default mode network connectivity and
social functioning in individuals at familial high-risk for schizophrenia. Schizophr Res. 2014; 156(1):87–
95. Epub 2014/04/29. https://doi.org/10.1016/j.schres.2014.03.031 PMID: 24768131; PubMed Central
PMCID: PMCPMC4082024.
15. Friston KJ, Buechel C, Fink GR, Morris J, Rolls E, Dolan RJ. Psychophysiological and modulatory inter-
actions in neuroimaging. Neuroimage. 1997; 6(3):218–29. Epub 1997/11/05. https://doi.org/10.1006/
nimg.1997.0291 PMID: 9344826.
16. Horan WP, Dolinsky M, Lee J, Kern RS, Hellemann G, Sugar CA, et al. Social Cognitive Skills Training
for Psychosis With Community-Based Training Exercises: A Randomized Controlled Trial. Schizophr
Bull. in press. Epub 2018/01/05. https://doi.org/10.1093/schbul/sbx167 PMID: 29300973.
17. Liberman RP, Mueser KT, Wallace CJ, Jacobs HE, Eckman T, Massel HK. Training skills in the psychi-
atrically disabled: learning coping and competence. Schizophr Bull. 1986; 12(4):631–47. https://doi.org/
10.1093/schbul/12.4.631 PMID: 3810067.
18. Quintana J, Lee J, Marcus M, Kee K, Wong T, Yerevanian A. Brain dysfunctions during facial discrimi-
nation in schizophrenia: selective association to affect decoding. Psychiatry Res. 2011; 191(1):44–50.
Epub 2010/12/15. https://doi.org/10.1016/j.pscychresns.2010.09.005 PMID: 21145212.
fMRI biomarkers of social cognitive skills training in psychosis
PLOS ONE | https://doi.org/10.1371/journal.pone.0214303 May 17, 2019 11 / 13
19. Lee J, Quintana J, Nori P, Green MF. Theory of mind in schizophrenia: exploring neural mechanisms of
belief attribution. Soc Neurosci. 2011; 6(5–6):569–81. Epub 2011/11/05. https://doi.org/10.1080/
17470919.2011.620774 PMID: 22050432.
20. Smith SM. Fast robust automated brain extraction. Hum Brain Mapp. 2002; 17:143–55. https://doi.org/
10.1002/hbm.10062 PMID: 12391568
21. Jenkinson M, Smith S. A global optimasation method for robust affine registration of brain images. Med
Image Anal. 2001; 5:143–56. PMID: 11516708
22. Greve DN, Fischl B. Accurate and robust brain image alignment using boundary-based registration.
Neuroimage. 2009; 48(1):63–72. Epub 2009/07/04. https://doi.org/10.1016/j.neuroimage.2009.06.060
PMID: 19573611; PubMed Central PMCID: PMCPMC2733527.
23. Jenkinson M, Bannister P, Brady M, Smith S. Improved optimization for the robust and accurate linear
registration and motion correction of brain images. Neuroimage. 2002; 17(2):825–41. PMID: 12377157.
24. van Veluw SJ, Chance SA. Differentiating between self and others: an ALE meta-analysis of fMRI stud-
ies of self-recognition and theory of mind. Brain imaging and behavior. 2014; 8(1):24–38. Epub 2014/
02/19. https://doi.org/10.1007/s11682-013-9266-8 PMID: 24535033.
25. Lee J, Horan WP, Wynn JK, Green MF. Neural Correlates of Belief and Emotion Attribution in Schizo-
phrenia. PLoS One. 2016; 11(11):e0165546. Epub 2016/11/05. https://doi.org/10.1371/journal.pone.
0165546 PMID: 27812142; PubMed Central PMCID: PMCPMC5094726 a scientific board for Mnemos-
yne and received research support from Amgen and Forum. Other authors do not have any conflict of
interest. There are no patents, products in development or marketed products to declare. This does not
alter our adherence to all the PLOS ONE policies on sharing data and materials, as detailed online in
the guide for authors.
26. Worsley KJ. Statistical analysis of activation images. In: Jezzard P, Matthews PM, Smith SM, editors.
Functional MRI: An Introduction to Methods. USA: Oxford University Press; 2001.
27. Beckmann CF, DeLuca M, Devlin JT, Smith SM. Investigations into resting-state connectivity using
independent component analysis. Philos Trans R Soc Lond B Biol Sci. 2005; 360(1457):1001–13. Epub
2005/08/10. https://doi.org/10.1098/rstb.2005.1634 PMID: 16087444; PubMed Central PMCID:
PMCPMC1854918.
28. Smith SM, Fox PT, Miller KL, Glahn DC, Fox PM, Mackay CE, et al. Correspondence of the brain’s func-
tional architecture during activation and rest. Proc Natl Acad Sci U S A. 2009; 106(31):13040–5. Epub
2009/07/22. https://doi.org/10.1073/pnas.0905267106 PMID: 19620724; PubMed Central PMCID:
PMCPMC2722273.
29. Nickerson LD, Smith SM, Ongur D, Beckmann CF. Using Dual Regression to Investigate Network
Shape and Amplitude in Functional Connectivity Analyses. Front Neurosci. 2017; 11:115. Epub 2017/
03/30. https://doi.org/10.3389/fnins.2017.00115 PMID: 28348512; PubMed Central PMCID:
PMCPMC5346569.
30. Winkler AM, Ridgway GR, Webster MA, Smith SM, Nichols TE. Permutation inference for the general
linear model. Neuroimage. 2014; 92:381–97. Epub 2014/02/18. https://doi.org/10.1016/j.neuroimage.
2014.01.060 PMID: 24530839; PubMed Central PMCID: PMCPMC4010955.
31. Smith SM, Nichols TE. Threshold-free cluster enhancement: addressing problems of smoothing,
threshold dependence and localisation in cluster inference. Neuroimage. 2009; 44(1):83–98. Epub
2008/05/27. https://doi.org/10.1016/j.neuroimage.2008.03.061 PMID: 18501637.
32. Hooker CI, Bruce L, Fisher M, Verosky SC, Miyakawa A, D’Esposito M, et al. The influence of combined
cognitive plus social-cognitive training on amygdala response during face emotion recognition in schizo-
phrenia. Psychiatry Res. 2013; 213(2):99–107. Epub 2013/06/12. https://doi.org/10.1016/j.
pscychresns.2013.04.001 PMID: 23746615.
33. Habel U, Koch K, Kellermann T, Reske M, Frommann N, Wolwer W, et al. Training of affect recognition
in schizophrenia: Neurobiological correlates. Soc Neurosci. 2010; 5(1):92–104. Epub 2009/10/13.
https://doi.org/10.1080/17470910903170269 PMID: 19821187.
34. Spreng RN, Grady CL. Patterns of brain activity supporting autobiographical memory, prospection, and
theory of mind, and their relationship to the default mode network. J Cogn Neurosci. 2010; 22(6):1112–
23. Epub 2009/07/08. https://doi.org/10.1162/jocn.2009.21282 PMID: 19580387.
35. Mars RB, Neubert FX, Noonan MP, Sallet J, Toni I, Rushworth MF. On the relationship between the
"default mode network" and the "social brain". Front Hum Neurosci. 2012; 6:189. Epub 2012/06/28.
https://doi.org/10.3389/fnhum.2012.00189 PMID: 22737119; PubMed Central PMCID:
PMCPMC3380415.
36. Schilbach L, Hoffstaedter F, Muller V, Cieslik EC, Goya-Maldonado R, Trost S, et al. Transdiagnostic
commonalities and differences in resting state functional connectivity of the default mode network in
schizophrenia and major depression. Neuroimage Clin. 2016; 10:326–35. Epub 2016/02/24. https://doi.
org/10.1016/j.nicl.2015.11.021 PMID: 26904405; PubMed Central PMCID: PMCPMC4724692.
fMRI biomarkers of social cognitive skills training in psychosis
PLOS ONE | https://doi.org/10.1371/journal.pone.0214303 May 17, 2019 12 / 13
37. Du Y, Pearlson GD, Yu Q, He H, Lin D, Sui J, et al. Interaction among subsystems within default mode
network diminished in schizophrenia patients: A dynamic connectivity approach. Schizophr Res. 2016;
170(1):55–65. Epub 2015/12/15. https://doi.org/10.1016/j.schres.2015.11.021 PMID: 26654933;
PubMed Central PMCID: PMCPMC4707124.
fMRI biomarkers of social cognitive skills training in psychosis
PLOS ONE | https://doi.org/10.1371/journal.pone.0214303 May 17, 2019 13 / 13
